The Drosophila fruitless (fru) gene is regarded as a master regulator of the formation of male courtship circuitry, yet little is known about its molecular basis of action. We show that roundabout 1 (robo1) knockdown in females promotes formation of the male-specific neurite in sexually dimorphic mAL interneurons and that overexpression of the male-specific Fru BM diminishes the expression of Robo1 in the fly brain. Our electrophoretic mobility shift and reporter assays identify the 42-bp segment encompassing the palindrome sequence T
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In Brief Ito et al. report that the robo1 gene is a target of the transcription factor Fruitless, and that repression of robo1 by Fruitless in males is required for male-specific neurite morphologies and normal male courtship behaviors.
INTRODUCTION
Sex differences in the nervous system are prevalent in the animal kingdom. In humans, the callosum and anterior commissure connecting the two brain hemispheres are thicker in females than males, implying that certain cognitive information is processed bilaterally in females more often than in males [1] . Some hypothalamic nuclei in the mammalian brain exhibit morphological or neurochemical sexual dimorphisms, which likely reflect their functional differences between the sexes [1] . At the cellular level, sex differences in the number and projection of a group of progesterone-responsive neurons in the ventromedial nucleus in mice have been demonstrated to be correlated with gender-typical patterns of aggression and mating behaviors, although the mechanism whereby these sex differences are produced in neurons remains obscure [2] . The causal relationship among the gene for generating a sex difference, neuron properties with sex-specific structures and functions, and behaviors that are gender specific has been documented in the fruit fly Drosophila melanogaster. The amenability to genetic analysis of Drosophila has allowed the identification of a major control gene for the formation of male courtship circuitry, fruitless (fru): fru loss of function results in misdirected and reduced courtship in males whereas fru gain of function causes a female to court a female using a maletypical behavioral pattern [3] [4] [5] . Likewise, artificial inactivation of fru-expressing neurons en masse prevents a male from courting, whereas artificial activation leads to the initiation of courtship in females as well as males, even without any courtship target [3] [4] [5] . Interestingly, some fru-expressing neurons are sexually dimorphic or sex specific (present only in one sex), and fru loss of function induces complete sex reversal in some of these neurons [3] [4] [5] . It is therefore likely that the fru gene exerts the organizational effect on male courtship behavior through its ability to confer sex-dependent fates on individual neurons [3] [4] [5] . Indeed, the fru gene is positioned at the end of the sex determination cascade: the fru primary transcript transcribed from the most distal promoter (the P1 promoter) is a binding target of the female-determinant protein Transformer (Tra), which induces female-specific splicing distinct from the default splicing that occurs in males, producing non-protein coding fru transcripts in females, in contrast to male fru transcripts that encode a set of transcription factors [6] [7] [8] [9] . The sexually dimorphic splicing occurs in the primary transcript from the P1 promoter, which is specifically active in the nervous system, and as a consequence, Fru protein expression in the nervous system becomes male specific [7, 9] : other fru promoters are active outside the nervous system where non-sexspecific transcripts and their Fru proteins are generated [6] [7] [8] [9] . The Fru proteins (called Fru M ; M stands for male specific) in the male nervous system carry a 101-amino-acid N-terminal extension that is absent from non-sex-specific Fru proteins (called FruCOM; COM stands for common to both sexes) [3, 5, 6, 8] . Therefore, the presence or absence of Fru M (or Fru in general) is decisive in directing a neuron to the male or female fate. The fru primary transcript produced by the P1 promoter is also subject to non-sex-specific splicing for the selection of 3 0 exons, yielding three Fru isoforms, Fru AM , Fru EM , and Fru BM , which share the N-terminal BTB domain and have distinct C termini encoding two zinc finger motifs (Fru AM means that this isoform has the male-specific N terminus, ''M,'' together with the C terminus of type ''A'') [8, 9] . The BTB and zinc finger motifs are shared by a group of transcription factors. Indeed, Fru proteins are localized at some 100 polytene chromosomal sites, where they associate with the transcription cofactor Bonus and chromatin factors histone deacetylase 1 (HDAC1) and/or heterochromatin protein-1a (HP1a) [10] . HDAC1 appears to support the masculinizing Fru action whereas HP1a counteracts it: a reduction in HDAC1 further abrogates courtship defects in fru mutant males, and a reduction in HP1a ameliorates the defects [10] . Remarkably, the competing effects of HDAC1 and HP1a are clearly observed in the sex-type determination of single neurons, especially in a group of fru-expressing interneurons, mAL [10] . mAL is sexually dimorphic in three particular respects: first, the number of neurons composing a cluster is five in females and 30 in males; second, the female cluster is entirely composed of neurons with a contralateral, but not an ipsilateral, neurite, whereas the male cluster contains neurons with an ipsilateral as well as a contralateral neurite; and third, the female contralateral neurites form bifurcating terminals in the subesophageal ganglion in contrast to their male counterparts, which have a simple horse-tail-like structure [11] . In fru-null mutant males, all these characteristics are completely feminized [11] . In fru hypomorphic mutant males, on the other hand, a proportion of mAL neurons transform into the female-type structure, yet individual neurons exhibit either the perfect male-type structure or female-type structure without showing intersexual characteristics [10] . Importantly, a reduction in HDAC1 increases the proportion of female-type neurons whereas a reduction in HP1a decreases it in fru hypomorphic mutant males [10] . Thus, Fru functions as an all-or-none switch between the female and male fate for a neuron, possibly by acting through chromatin modification [10] . Although fru controls all three sexually dimorphic characteristics, i.e., the neuron number, the presence or absence of the ipsilateral neurite, and the terminal structure of the contralateral neurite, each characteristic appears to be regulated by a distinct mechanism because there are genes affecting only one of the three characteristics upon knockdown or when mutated. For example, Hunchback knockdown in males results in the bifurcated structure of the contralateral neurite terminal without affecting formation of the ipsilateral neurite or the cell number [12] .
To explore the mechanism whereby Fru coordinately switches all three characteristics from one sex to the other, it is mandatory to identify the target genes for Fru and clarify how these targets are orchestrated in transcription by the Fru protein complex. To this end, we have searched for a gene whose transcription is directly regulated by Fru for the generation of sexspecific structures in single neurons. Here, we demonstrate that the axon-guidance protein gene roundabout1 (robo1) is a direct Fru transcriptional target; robo1 inhibits the formation of the mAL ipsilateral neurite in females, whereas mAL neurons can develop the male-specific ipsilateral neurite in males, because male-specific Fru BM binds to a 42-bp region encompassing the 16-bp palindrome motif in the robo1 5 0 UTR to repress robo1 transcription specifically in male flies, thus removing the robo1-mediated inhibition in males. We further show that a targeted deletion of the Fru-binding site in the robo1 gene disturbs male courtship behavior. The Fru-binding sequence we have identified in the robo1 regulatory region makes it possible to predict additional transcriptional targets for Fru across the genome, providing a solid molecular basis for exploring the neural architecture underlying gender-specific behaviors.
RESULTS

Male-Specific Presence of the Ipsilateral Neurite Involves Robo1 and Robo3
We employed the technique called MARCM [13] to clonally knockdown robo1, via the fru NP21 Gal4 driver, in a female mAL cluster. These robo1-deficient neurons often developed a male-specific ipsilateral neurite ( Figure 1D ), which was never observed in wild-type female neurons ( Figure 1B) . A similar knockdown of robo1 in the male mAL neurons was without effect ( Figures 1A and 1C ). robo1 encodes a transmembrane protein with an immunoglobulin-like and fibronectin type III domains on the extracellular side and the conserved cytoplasmic domains that activate Rho guanosine triphosphatases (GTPases) [14] and possibly modulate b-catenin signaling for cell adhesion and transcriptional regulation [15] . robo1 has two homologs in the fly genome: robo2 and robo3. robo2 knockdown did not induce the formation of a male-specific ipsilateral neurite in the female brain ( Figure 1F ). In contrast, robo3-null (robo3 1 ) mutant clones of mAL neurons in the female brain bore a male-specific ipsilateral neurite at a low frequency ( Figures 1E and 1F ), whereas this mutation had no effect on the structure of male mAL neurons ( Figure 1F ). We were unable to recover flies with mAL MARCM clones null for robo1 or robo2. Based on these results, we hypothesize that formation of the male-specific ipsilateral neurite is inhibited in the female brain by a mechanism involving robo1 and possibly robo3.
robo1 Is Downstream of Fru in the Ipsilateral Neurite Formation mAL neurons in males null for fru are devoid of the ipsilateral neurite [11] , indicating that fru is required for formation of this neurite. Our clonal analyses aided with the Flybow technique [16] and Fru isoform-specific mutations [17, 18] (Figure 2A) and fru NP21 /fru DB mutant males that lack Fru EM ( Figure 2B ) both retained the ipsilateral neurite. In addition, we found that the female-type bifurcation of the contralateral neurite tip occurred when either of Fru EM or Fru BM was lost from male mAL neurons ( Figures 2B and 2C ), whereas loss of Fru AM had no effect on the shape of the contralateral neurite ( Figure 2A ). This latter finding contradicts a previous report [19] that Fru EM is indispensable for the sex-type specification of the contralateral neurite.
Because loss of functional Fru BM in males and robo1 knockdown in females inhibit and promote formation of the ipsilateral neurite, respectively, we postulate that Fru BM represses expression of robo1 in male mAL neurons, thereby inducing formation of the ipsilateral neurite by disinhibiting the action of robo1 ( Figure 2F To evaluate the possibility that Fru BM directly regulates transcription of robo1, we conducted reporter assays in which the putative regulatory sequence of robo1 (the entire length of exon1 and further 5 0 upstream) was used to drive expression of the luciferase reporter in S2 cells. The longest stretch of putative robo1 promoter we tested was 4.1 kb in length, which included the first intron and all following portions of CG30259, a gene adjacent to robo1 on the same DNA strand ( Figure 3A) . The luciferase activity conferred by the 4.1-kb DNA stretch served as a control in examining the effect of the Fru BM -encoding plasmid, which was cotransfected with the reporter ( Figure 3B ). Interestingly, cotransfection of S2 cells with the Fru BM -expressing plasmid significantly repressed the luciferase activity ( Figure 3B ). To determine the minimal robo1 promoter region sufficient for repressing, in a Fru BM -dependent manner, the reporter transcription, we tested successively shorter proximal DNA stretches for their ability to respond to Fru BM as measured by the reduction in luciferase activity. We found that the 0.9-kb DNA stretch was as effective as the 4.1-kb DNA stretch in responding to Fru BM , whereas the 0.5-kb DNA stretch had no Fru BM responsiveness ( Figure 3B ). Moreover, the Fru BM -dependent repression of reporter expression was completely abrogated when the mutant Fru BM protein devoid of zinc-finger motifs was coexpressed (Figure 3B) . We conclude that the element critical for responding to Fru BM exists within the 400-bp interval between À0.5 and À0.9 kb around the robo1 transcription start site ( Figure 3B) . (E) Ectopic formation of the male-specific ipsilateral neurite (red dotted circle) in a female mAL cluster that is a robo3 1 homozygous MARCM clone generated in the fru NP21 heterozygous background.
(F) The proportion of flies in which the mAL ipsilateral neurite was affected by the manipulation of robo1, robo2, or robo3. The number of affected flies over that of examined flies is shown in parentheses. The statistical significance between control flies and the manipulated flies of robo1, robo2, or robo3 was evaluated by the Fisher's exact test (**p < 0.01 for robo1; not significant for other genotypes).
On the assumption that Fru BM directly represses the transcription of robo1, we searched for the genomic segment that binds to Fru BM within the 400-bp DNA stretch defined by the above reporter assays. We split the 400-bp region into four fragments, A (93 bp), B (120 bp), C (67 bp), and D (99 bp) in a proximodistal direction, which were subjected to electrophoretic mobility shift assays. We found that only fragment B yielded a retarded band in the presence of Fru BM ( Figures 4A and 4B (A and B) . The names of isoforms are as defined by Usui-Aoki et al. [9] ; note that the isoform types A, E, and B in Usui-Aoki et al. [9] correspond to isoforms A, B, and C in Billeter et al. [17] , respectively. The scale bar represents 50 mm. Fru BM ( Figure 4C ), indicating that Fru BM bound to the region that was shared by these two subfragments. Intriguingly, the subfragments c and f overlapped only for 19 nucleotides, 16 of which composed a palindrome sequence, T T C G C T G C G C C G T G A A (Pal1; Figure 4A ), leading to the inference that the 16-bp palindrome sequence Pal1 serves as the binding site for Fru BM .
To test whether Pal1 is necessary for transcriptional repression by Fru BM , we deleted the 16-bp Pal1 from the 0.9-kb fragment in the reporter construct. Surprisingly, this deletant reporter responded to Fru BM as effectively as the control reporter did (Figure 4D ). Reporter assays with larger deletions extending beyond Pal1 indicated that the Fru BM responsiveness was completely lost when the 42-bp region encompassing Pal1 was deleted from the reporter ( Figure 4D ). Importantly, deleting two 13-bp regions flanking 5 0 and 3 0 to Pal1 diminished but did not eliminate the Fru BM responsiveness of the reporter ( Figure 4D ). Taking all these findings together, we conclude that the entire 42-bp region encompassing Pal1 is necessary and sufficient for Fru BM to repress robo1 transcription. We designate this sequence the Fru BM response obligatory sequence (FROS), which is recognizable in the robo1 promoter across the 11 Drosophila species examined ( Figure S2 ). Figure 5C ). The courtship index (CI) as defined by the percent time a male spent for courtship in robo1 D1 /robo1 D3 males was A B Figure 3 . Reporter Assays Employing a robo1 Promoter-Luciferase Fusion Gene ; striped bar), the latter of which lacked zinc finger motifs as detected with the 0.9-kb reporter construct. The numbers of examination are indicated in parentheses on the ordinate. The values of relative luciferase activity are shown as means ± SEM. The statistical significance was evaluated by the Student's t test. ***p < 0.001; NS, not significant. similar to that in Canton-S control males ( Figure S3A ). The wing extension index (WEI) as defined by the percent time a male spent for unilateral wing extension and vibration for courtship song generation was not significantly different between robo1 D1 /robo1 D3 and control males ( Figure S3B ). These results indicate that robo1 D1 /robo1 D3 mutant males retain a high level of courtship activity comparable to that of wild-type males. Nonetheless, we noted a clear difference in courtship behavior between the wild-type and mutant males; the duration for which a male continues to use the same wing was much shorter in robo1 D1 /robo1 D3 mutant males than in wild-type males, as can be seen in ethograms for the wing display ( Figure 5C ; Movies S1 and S2). Thus, precocious wing switching is a conspicuous characteristic of male courtship in robo1 D1 /robo1 D3 mutants.
FROS
To quantify the prevalence of precocious wing switching, we extracted single, continuous wing extension/vibration bouts in which a male fly switched the wing used for these activities with a switching rate of three or more times per second. The durations of all such bouts were totaled, and this sum was divided by the entire observation period, i.e., 3 min (180 s), to yield the wing switching index (WSI): WSI = (t precocious /180 s) 3 100. As expected, the WSI for mutant males was significantly larger than that for wild-type males ( Figure 5D ). Interestingly, the WSI estimated in heterozygotes, robo1 D1 /+ and robo1 D2 /+, was significantly larger than that of wild-type males, similar to the WSI in robo1 D1 /robo1 D3 males ( Figure 5D ). In contrast, the WSI calculated for robo1 D3 /+ and robo1 D4 /+ was comparable to that for wild-type males ( Figure 5D ). These results indicate that alleles with a deletion inside Pal1, robo1 D1 and robo1
D2
, act dominantly, whereas alleles with a deletion outside Pal1, 
robo1
D3 and robo1 D4 , have no dominant effect, as judged by the phenotype in male courtship behavior (see Figure 5B for the location of deletions in these alleles). The dominant effect of robo1 D1 and robo1 D2 is consistent with the idea that the precocious wing switching is a phenotypic consequence of derepression of robo1 transcription in these mutants, which harbor a deletion in the sequence that is required for the binding of a transcriptional repressor. Interestingly, heterozygous males carrying a recessive robo1 D3 allele manifested the precocious wing switching phenotype when they were also heterozygous for a recessive fru loss-of-function allele, fru sat ( Figure 5D ). The WSI for fru sat heterozygotes was not significantly different from that of the wild-type. We were unable to estimate the WSI in fru sat homozygotes because their courtship bouts were very short, if any, and terminated before the wing switching occurred. We presume that the genetic interactions observed between robo1 and fru in the precocious wing switching reflect the association of Fru BM with robo1 via FROS. Because behavioral phenotypes of robo1 mutants with deletions in Pal1 imply their neural defects, we examined possible effects of these mutations on mAL neuron structures, which were affected by robo1 knockdown ( Figure 1D) . We generated neural clones labeled with two different fluorescent markers by the Flybow technique [16] , so that only neurites associated with the left or right mAL cluster neurons can be selected for image reconstitution ( Figures 6A and 6B ). As shown in Figure 6C , mAL neurons labeled en masse in male robo1 D1 heterozygotes appeared to have dwarf ipsilateral neurites. To determine whether the dwarf appearance of mAL ipsilateral neurites when stained en masse reflects single-cell structures, we endeavored to label a single mAL neuron by Flybow1.1. This experiment indicated that the number of mAL neurons without an ipsilateral neurite was increased whereas the number of mAL neurons with an ipsilateral neurite was decreased in robo1 D1 heterozygous males ( Figures 6E-6I) , resulting in the dwarf appearance of mAL ipsilateral neurites when stained as a mass. In contrast, mAL neurons in female robo1 D1 heterozygotes retained female-typical structures in robo1 D1 heterozygotes ( Figure 6D ). We conclude that the FROS must be kept intact to allow mAL neurons to develop the male-specific ipsilateral neurite.
To rigorously demonstrate that the precocious wing switching in robo1 D1 heterozygous males is induced by a failure in repression of Robo1 by Fru BM , we attempted to rescue this behavioral phenotype by robo1 knockdown in these males (Figures 7 and  S4 ). We used R43D01-GAL4 as the driver of robo1 RNAi so that robo1 knockdown was restricted to mAL and a few additional neurons. Remarkably, the mAL-restricted robo1 knockdown restored normal wing switching in robo1 D1 heterozygous males ( Figure 7 ; Movies S3 and S4). This result supports the notion that the precocious wing switching is caused by ectopic robo1 expression and the resultant malformation of the ipsilateral neurite in mAL neurons. In our previous work [21] , we demonstrated that mAL neurons function to control the alternate usage of two wings during male courtship via presumed mutual inhibitory connections through neurite overlap of a left and right mAL pair. Thus, it is likely that the precocious wing switching observed in robo1 mutant males in this study is causally associated with the loss of ipsilateral neurite in mAL neurons.
DISCUSSION
Fru M proteins have been suggested to regulate transcription of over 100 genes to organize the male courtship circuitry through multilayered developmental events that ultimately bring about the sex differences in single neurons [10] . In the mAL neuron cluster, for example, three characteristics, i.e., the cell number, the branching pattern of the contralateral-neurite endings, and the presence or absence of ipsilateral neurites, are sexually dimorphic, and all of them are under the control of Fru M proteins [10, 11] . Our present findings reveal that the mechanisms whereby for each of these three sex-associated characteristics: Fru BM employs the Robo1 pathway for formation of the male-specific ipsilateral neurite, but not for the other two sex-specific characteristics. Notably, the male-specific ipsilateral neurites ectopically induced in the female mAL neurons developed bifurcating endings typical of female mAL neurons ( Figure 1D ). This finding complements two previous observations. First, Hb knockdown resulted in the formation of bifurcating neurite endings without affecting the ipsilateral neurite in male mAL [12] . Second, the mutational blocking of cell death increased the cell number in the mAL cluster in females to phenocopy the male counterpart, yet these supernumerary neurons were accompanied by female-typical bifurcating neurite endings [11] . These considerations tempt us to postulate that the sex differences in different structural elements of a single neuron are produced by independent Fru M actions that are likely mediated by distinct Fru M target
genes. This in turn would imply that Fru M proteins may directly control the transcription of a large collection of effector genes that includes robo1. Many binding sites (over 100) of Fru proteins inferred from anti-Fru antibody stainings of polytene chromosomes [10] , DNA adenosine methyltransferase identification (DamID) [18] , and chromatin immunoprecipitation sequencing (ChIP-seq) [22] (Figures 2A-2C) suggests the distinct target specificity of different Fru isoforms, in agreement with the previous reports that isoform-specific fru mutants displayed unique phenotypic spectra [17, 18] . The role of robo1 in the sex-specific morphogenesis of mAL neurons was to prevent the primary neurite from forming a side branch in the lateral field of the ipsilateral hemisphere of the female brain. This action of robo1 is different from the best-known function of robo1 in neurogenesis, i.e., the inhibition of axon midline crossing via transduction of repulsive cues [14] . There are precedent cases where the neurite branch formation involves Slit ligands and Robo receptors: this signaling pathway is required for the proper guidance of afferent fibers after bifurcation in the dorsal root ganglion and for inhibiting inadequate branching of retinal ganglion cells [23, 24] . In light of the promiscuity of Robo proteins in interacting with a variety of cytoplasmic signaling molecules [23] , it would not be surprising to find multiple roles of Robo1, including the regulation of neurite branch formation.
Within the robo1 5 0 UTR, we identified a 42-bp stretch encompassing a palindromic sequence, T T C G C T G C G C C G T G A A, as a putative Fru BM -response element, FROS (Figures 5A and 5B). Recently, Dalton et al. [25] reported that three sequences, A G T A A C, C C C T T T, and G T T A C A T, were the binding motifs for Fru [18] , C A C/T G C G, reveals a 4/6 match when compared to the palindromic moiety reported in this paper as the Fru BM -binding motif. The present study, however, documented that the core palindromic sequence alone is not sufficient and even not necessary for Fru BM responsiveness in robo1 transcriptional repression, based on an analysis with reporter assays in cultured cells. In flies, in contrast, the smallest deletions (plus a few nucleotide insertions) in Pal1 led to lethality when homozygous and induced a sexual transformation of the neurite structure and courtship anomalies when heterozygous. These observations may suggest that Fru BM -FROS interactions take place under more-stringent structural constraints in vivo than in vitro, as has been reported for other promoters [26, 27] . Systematic searches for genes carrying the FROS across the genome will enormously facilitate the identification of additional Fru targets and hence help in unraveling the molecular basis for the Fru-dependent formation of sex-specific circuitries underlying gendered behaviors. 
